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ABSTRACT

Lab analyses of groundwater chemistry from monitoring wells completed
in the Paleozoic Aquifers surrounding the Llano Uplift of Central Texas has been
recorded and made available to the public through the Texas Water
Development Board (TWDB). This study evaluated the results of these data
dating back to the 1940s to determine changes over time, the dynamics of the
hydrologic system, and the locations where hydraulic connectivity is most
probable. The initial results established two distinct hydrologic systems that
required the separation of the northern from the southern region. The northern
sub-region (NSR) contains the largest expanse of continuity of both aquifers,
while the southern sub-region (SSR) has experienced extensive
compartmentalization of the aquifers due to numerous northeast-southwest
trending normal faults. Potentiometric surface maps determined the direction of
groundwater flow and specific monitoring wells along flowpaths for analyses.
Chemical distribution maps processed by ArcGIS 10.2 provided an aerial view of
major constituents during each timeline. This information coupled with the depth
vs. concentration graphs has developed a three dimensional representation of
the distribution of major constituents in the Paleozoic Aquifers. The majority of
samples are dominated by Ca-HCO3 type waters with some locations down
gradient evolving into Na-K-HCO3 type in the northern sub-region (NSR) and CaSO4 type in the southern sub-region (SSR). The implementation of GIS
techniques provides the ability to interpret large quantities of data for broad-scale
and local patterns that would be problematic when examining using point-to-point
evaluations.
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CHAPTER 1
Introduction

General Statement
Groundwater is a critical source of water in Texas, providing 60 percent of
the 16.1 million acre-feet of water used in the state (TWDB, 2015). The
widespread occurrence of potable ground water is the reason that it is used as a
source of water supply for irrigation, livestock, manufacturing, mining
thermoelectric power, public supply, and other purposes. The State of Texas
overlies thirty individual aquifer systems that are characterized by the amount of
water produced and their spatial extent. The TWDB recognized nine of these as
major aquifers and the remaining twenty-one as minor aquifers (Figure 1-1 and
Figure 1-2) (George, 2011). The large amount of produced groundwater for
consumers has enabled mandatory studies for quality and its effect on human
health. Groundwater, in general, has a highly variable composition that depends
on several factors. This includes, but is not limited to, the composition of
precipitation, interaction through soil and organic activity during infiltration,
composition of subsurface rocks the water contacts, and residence time that the
water experiences (Walther, 2009). Depending on the specific utilization of

1

Figure 1-1: Major Aquifers of Texas (from TWDB, 1990).

2

Figure 1-2: Minor Aquifers of Texas (from TWDB, 1990).

3

groundwater, certain cases require additional treatment to remediate chemical
concentrations that could be harmful to the general population.
This study examines the hydrochemical characteristics of the Paleozoic
aquifers of Central Texas and assesses the spatial distribution of chemical
constituents using well data collected by the TWDB. Eight ions that make up
more than 90% of dissolved solids in groundwater were selected for this study to
create chemical distribution maps of the region. Concentration vs depth graphs
have been created to determine if the aquifers exhibit communication and
distinguish flow paths in the study area. The minor aquifers in this study include,
from oldest to youngest, the Hickory, Ellenburger-San Saba, and Marble Falls.
The Paleozoic aquifers of Central Texas have not been studied as extensively as
other aquifers in the state due to their location and the low population density in
the area. Previous work conducted by McCann (2012) has provided lineament
and fracture analyses to underlie the groundwater chemistry maps to illustrate
the physical characteristics including fluid flow and/or indicate hydraulic
connectivity between the aquifers in the region. The combination of both
structural and chemical controls has created a better understanding for the
Paleozoic Aquifers of Central Texas (Figure 1-3).
Previous reports that evaluated the groundwater resources of the
Paleozoic aquifers include Bluntzer (1992), and Preston (1996). Bluntzer (1992)
prepared a response to the Sixty-ninth Texas Legislature’s passage of House

4

Figure 1-3: Surface exposure and downdip extent of the Paleozoic Aquifers in
Central Texas.

5

Bill 2 which stipulated the identification and study of areas within the State that
are experiencing or expected to experience within the next 20 years critical
groundwater problems. Preston (1996) initiated a project to better delineate the
aquifers area, and attempt to derive estimates of the amount of water available
from the aquifers. A secondary purpose was to construct flow models which
could be utilized as a management tool for planning future water development.
To relate Paleozoic aquifers this study will identify areas of hydraulic
communication using the concentrations of major ions, land use, well location,
and all temporal groundwater samples ranging from the 1940s to present day.
Any relationship between potentiometric surface elevation and solute
concentration will aid in determining potential locations that are associated with
hydraulic communication between aquifer horizons.

Objectives
The objective of this study is to generate a geochemical analysis of the
Paleozoic aquifers of Central Texas by using ESRI’s ArcGIS 10.2 (Geographic
Information Systems) to manage groundwater data from TWDB and display the
results as geospatial interpretations. This detailed study answers questions
related to analyses pertaining to the Hickory and the Ellenburger aquifers.

6

1)

Identify the major ions associated with Paleozoic aquifers of Central
Texas.

An in-depth understanding of the major ions will be a primary focus to determine
the processes that the minor aquifers undergo. Further analyses of the
hydrochemical processes will aid in the identification of the dominant
hydrochemical facies of the study area.

2)

Identify flow patterns in the aquifer system and determine the controls of
the unique geologic setting of the Llano Uplift.

Due to the basement uplift of the Llano, and subsequent deformation associated
with the Ouachita Orogeny, heavy metals are released naturally through
weathering and subsequent leaching into groundwater through water rock
interaction. Specific groundwater chemistries can identify the controls of the
hydrogeologic system in the study area.

3)

Identify areas with relatively high solute concentrations in groundwater.

Digital maps have been created to quantify the geochemical and anthropogenic
processes and identify factors influencing the ionic concentrations. The results
illustrate spatial variations and factors that control the major ion chemistry of the
groundwater systems. Comparative analyses of minor aquifers was conducted to

7

evaluate the potential of cross-communication through leaky confining units that
separate the three minor Paleozoic aquifers of Central Texas.

4)

Map the distribution of concentrations over the past eight decades, 1940 –
2015.

Municipal wells have been monitored by the Texas Water Development Board.
Data from these wells were used to evaluate changes in aquifer geochemistry
through time to discern if any consistent trends appear. A comparative analysis
has been conducted utilizing these data to assess the fluid evolution and
potential connectivity within the Paleozoic Aquifers of Central Texas.

5)

Determine locations of hydraulic connectivity between Paleozoic aquifers.

Concentration vs depth graphs have been constructed to determine to
connectivity of aquifers by illustrating the locations where major ions reside.
Groundwater flow paths will determine if aquifers are being recharged by the
leakage of overlying formations or by upwelling of basinal water from underlying
formations from increased head pressures.

Scientific Implication
This study continues the work of Bluntzer (1992) by analyzing the
Paleozoic Aquifers in Central Texas to determine the statistical and areal

8

distribution of chemical constituents using public well data and GIS techniques.
An aerial view of chemistries allows for broad patterns to be interpreted rather
than a point-to-point assessment. Due to the minor amount of literature for the
Paleozoic aquifers this research will serve to increase the understanding of the
local groundwater conditions and better implement water resource management.
Without the use of geospatial techniques, the ability to accurately and
productively implement the amount of data required to make educated
observations on groundwater conditions would be costly and time consuming.
Therefore, the development of a geodatabase assigned to individual hydrologic
reservoirs provides an efficient and cost effective way to evaluate and
characterize these systems. Although other techniques exist to provide the same
information, the environmental industry has begun to implement more geospatial
software to manage and process the large amount of data that are required.

9

CHAPTER 2
Literature Review

Uses and Laws for Groundwater in Texas
In the State of Texas, groundwater is used for agriculture, domestic,
industrial, and withdrawals. Nearly 80 percent of agriculture use (mostly for
irrigation) is sourced by aquifers and 28 percent of the public water supply.
Greater than 99 percent of drinking water is sourced by aquifers for the rural
population in the state (TGPC, 2014). In addition, 90 percent of the Texas
population depends on public drinking water supplies with 1.2 billion gallons per
day produced from groundwater. Nine major and 21 minor aquifers supply 60
percent of all water used in the state. The quality of Texas groundwater, after
required disinfection, meets the U.S. Environmental Protection Agency’s (EPA)
safe drinking water standards without additional treatment (TGPC, 2014). The
remainder of public water demand is supplied from surface-water reservoirs.
Texas water laws continue to complicate groundwater depletion problems
in the state. Surface water is considered property of the state and requires
permits for its use, which apply to the Texas Commission on Environmental
Quality (TCEQ). Groundwater on the other hand belongs to the property owner,
who has the right of capture. This means any groundwater withdrawn by the
property owner can be used or sold as private property.
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Although the Texas water wars are still in effect, the courts continue to
rule in favor of the landowner having the right to pump water from beneath their
land regardless of the effects on other wells. With the help of conservation
districts and regulations, groundwater pumped from a renewable aquifer is
balanced against the average annual recharge rates. Groundwater pumped from
nonrenewable aquifers determines the length of time the existing supply will last.

General Geology of the Paleozoic Aquifers in Central Texas
The Llano Uplift, created by the Grenville Orogenic belt, is a broad
structural dome that has approximately three kilometers of structural relief
compared to the adjacent Fort Worth and Kerr basins (Standen, 2007). The
structure is embedded within the North American tectonic plate and has
experienced uplift and subsidence throughout history. This repeated cycle
controlled the deposition of the overlying Paleozoic sediments to become
arranged in a radial pattern that dip away from the dome (Figure 4) (Smith,
2004). A previous interpretation by Long (2004) described the Cambrian-aged
Hickory member being deposited around Precambrian knobs throughout the
region and where the Hickory did not conceal the knobs, the Cap Mountain or
even Lion Mountain Members were directly deposited onto basement rocks. A
combination of terrestrial and marine sandstones, siltstones, and mudstones
comprise the Hickory (Figure 2-1) (Krause, 1996). The formation had been
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previously subdivided by Black (1988) and found to produce groundwater from
the lower zone that consists of medium to coarse sandstone and conglomerates
(Cornish, 1975). The Hickory has been documented to pinch out on the uplift with
thicknesses ranging up to 160 meters away from the Precambrian basement
(Black, 1988). The younger Cap Mountain Member unconformably overlies the
Hickory and is considered the confining unit in the study area. The Welge-Lion
Mountain Aquifer was combined by Bluntzer (1992), but will not be a part of this
study because of its very limited spatial extent.
The San Saba Member caps the Wilberns Formation and is in hydraulic
communication with the Ellenburger Group that includes the Tanyard, Gorman,
and Honeycut formations (Figure 2-1). Previous work by Cloud and Barnes
(1948) classified the group as a medium- to coarse-grained dolomite with signs
of karstification due to extensive subaerial exposure through time. The thickness
of these combined aquifers can range from 0 meters in the west to over 730
meters in the eastern counties (Standen and Ruggierro, 2007).
Silurian to Mississippian age rocks are described as being heavily eroded
in the study area and only small outcrops are found in the southern portion of the
region. The remnants of these units act as the confining layer between the
Ellenburger-San Saba Aquifer and the Marble Falls Aquifer. During
Pennsylvanian time, Ouachita tectonism extensively faulted and deformed the
Bend Group leading to high amounts of variability across the study area.
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Figure 2-1: Generalized stratigraphic section of units in the Llano Uplift a
(modified from Long, 2010).
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This alternating lithologic facies displayed in the Marble Falls Formation contains
fine-grained limestone interbedded with shales (Figure 2-1) (Carrell, 2000). The
carbonate intervals are the only units capable of producing water and range in
thickness from 0 to 80 meters in the study area based on geophysical logs
(Standen and Ruggiero, 2007).

Hydrogeology of the Paleozoic Aquifers in Central Texas
Minor aquifers are defined as either a hydraulic unit that yields large
quantities of useable quality water in small areas or relatively small quantities of
water over large areas of the state (Muller and Price, 1979). The radial patterns
of the Paleozoic Aquifers in Central Texas are overlain by the northeast trending
major Mesozoic aquifers. On average, the study area receives about 1.1 million
hectare-meters of rainfall annually. Due to their limited outcrop exposure, the
Paleozoic aquifers receive only 1500 hectare-meters in direct recharge with over
54,000 hectare-meters recharging the Cretaceous aquifers annually (Bluntzer,
1992). Unusually high to excessive concentrations of nitrate have been observed
from shallow portions of the Paleozoic and Cretaceous aquifers (Bluntzer, 1992).
The majority of this pollution occurs in portions of the respected aquifers nearest
the land surface. Groundwater movement in this region is controlled primarily by
the faults and fractures within the formations and minimally by the dip away from
the central uplift (Smith, 2004).
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Although groundwater in deeper strata is normally confined (Barker,
1994), chemical analyses can indicate communication through master faults that
do not contain enough clay smear to obstruct fracture flow. The fractures and
solution-formed cavities found in carbonate rock are used to classify an aquifer,
which makes evaluating storage and yield capacities more difficult (Preston et al.,
1996). Adequate amounts of data are not available to determine the direction or
rate of movement of water in the Paleozoic aquifers, but are inferred to move
along the dip of the aquifers. Previous work by Barker (1994) determined that the
up gradient outcrops contain better hydraulic conductivity due to the leaching of
evaporites and unstable carbonate constituents. In turn, this action has lowered
the conductivity of downgradient subcrop areas because of precipitation of stable
minerals in voids of the carbonate rock.

Hickory Aquifer
The TWDB (2007) defines the Hickory hydraulic reservoir as a minor
aquifer that has an aerial exposure of 701.9 km2 and a subsurface area of
21,219.8 km2 over 19 Texas counties. The deposition of the Hickory Formation
was controlled by the paleotopography of the Precambrian basement after it was
significantly eroded. After deposition, extensive faulting has created enhanced
recharge and/or discharge through overlying confining strata; immobilized the
flow of water down dip of faults; or redirected flow around faults (Black 1988).
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Figure 2-2: Southeast to northwest profile (D-D’) of the Llano Uplift Aquifers (modified from Kreitler, 2013).
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Figure 2-3: Southwest to northeast profile (E-E’) of the Llano Uplift and Trinity Aquifers (modified from
Kreitler, 2013).
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Figure 2-4: Dip geologic cross section, (A-A’) through McCulloch County, Texas (modified from
Kreitler, 2013).

The producing zones of the Hickory are confined to the gradational contact with
the overlying Cap Mountain Limestone (McCann, 2012).
The Hickory Sandstone is the basal member of the Riley Formation (of the
Moore Hollow Group). The member is up to 250 meters thick containing medium
to coarse-grained, well-rounded, hematite-cemented, red sandstone in the upper
section. The middle section is mostly fine- to medium-grained, argillaceous,
thinly-bedded and micaceous sandstone. The lower section is fine to coarsegrained, poorly-sorted grains, rounded to subrounded sandstone (USGS, 2014).
Previous work by George (2011) identified the groundwater’s total
dissolved solids (TDS) concentration average less than 1,000 milligrams per liter
(mg/L). These concentrations are located adjacent to the outcrop and are
indicative of active recharge and groundwater flow. However, the iron content of
the upper Hickory is in excess of the state’s secondary drinking water standards.
Radium, in excess of standards, occurs to the north and northeast from high
concentrations of radioactive minerals derived from underlying Precambrian
rocks and deposited in specific beds within the Hickory sandstone.

Ellenburger-San Saba Aquifer
The collective Ellenburger-San Saba hydraulic reservoir is described by the
TWDB (2007) as a minor aquifer with an aerial exposure of 2,907.7 km 2 and a
subsurface area of 11,038.5 km2 spread across 15 Texas counties.
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Figure 2-5: Dip geologic cross section, (B-B’) through McCulloch County, Texas (modified from
Kreitler, 2013).

The aquifer is significantly compartmentalized by regional faulting and fluid flow
controlled by non-uniform fractures and solution cavities under confined
conditions (Bluntzer, 1992). This aquifer is considered to be one unit due to its
hydrologic interconnection and difficulty in distinguishing the units in the
subsurface (Walker, 1979). Recharge of the aquifer originates from precipitation
on outcrop, inflow from streams crossing the outcrop, and overlying formations
that allow infiltration through fractures and solution channels.
The Ellenburger Group contains three formations listed from youngest to
oldest respectively; these include the Honeycut, Gorman, and Tanyard
Formations. The Honeycut Formation is up to 210 meters in thickness, thickly- to
thinly-bedded, light gray, aphanitic limestone with medium gray mostly finegrained to microgranular dolomite (USGS, 2014). The Gorman Formation is up to
150 meters, thickly- to thinly-bedded, light gray, aphanitic limestone with various
shades of gray, microgranular to fine-grained dolomite (USGS, 2014). The
Tanyard Formation is up to 200 meters in thickness, thickly- to thinly- bedded,
very light gray, aphanitic limestone located in the upper and lower sections. The
middle section contains mostly fine- to medium-grained, light gray dolomite
(USGS, 2014). San Saba is the upper member of the Wilberns Formation (of the
Moore Hollow Group). The member is up to 100 meters thick, thickly- to thinlybedded, fine- to very fine-grained, medium gray dolomite with moderately
glauconitic limestone. Well yields by George et al. (2011) are documented to
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exceed 3,785 liter per minute, indicating high permeability in some areas.
Several of the formations that comprise the aquifer, outcrop in the counties of
San Saba and Lampasas. As described earlier in the Hickory Aquifer section, the
Ellenberger-San Saba also contains TDS values <1000 mg/L proximal to
outcrop. Down gradient portions have increased TDS levels with increased
depth, reflecting the restricted or isolated blocks of the aquifer due to faulting.
DeLeon (2010) studied the hypogenic and epigenic nature of caves due to
regional brittle deformation, which indicate a complex, evolving hydrogeologic
system.

Marble Falls Aquifer
The Marble Falls hydraulic reservoir is classified by the TWDB as a minor
aquifer that consists of an aerial exposure of 554.3 km 2 and occurs in eight
counties across Texas. Due to the active tectonism during deposition of the
formation, it has been mapped as several separated outcrops along the northern
and eastern portion of the Llano Uplift. The discontinuous nature of the Silurian
through Mississippian units allows for frequent communication of the Marble Falls
and Ellenburger-San Saba aquifers (Smith, 2004). Along the Colorado River
section, the upper 85 meters is mostly very fine-grained, thin- to thick-bedded,
various shades of gray limestone. Macrofossils that are commonly found include
marine algae, crinoids, brachiopods, and chaetetes. The lower 35 meters is
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mostly massive very fine-grained, with abundant black chert, medium to dark
gray limestone (Brownwood, 1976).
Although this is the smallest of the studied aquifers, it has been
documented to produce as much as 7,570 liters per minute in some areas by the
formation’s high fracture density and high permeability (McCann, 2012). The
precipitation of stable minerals has also created low permeability downdip from
the surface exposures (Bluntzer, 1992). The traditional extent of the confined
portions of the aquifers are considered to be the bad water line where additional
filtration is necessary for water to meet the primary drinking water standards.
Bluntzer (1992) observed that the nitrate concentrations in 27 percent of samples
exceeded the maximum contaminant level of 44.3 mg/L.

Mineralized Springs
Springs, in general, are any body of water that occurs naturally where
groundwater penetrates the surface and produces channelized, overland flow.
The classification of springs consists of recognizing the type of spring ranging
from, but not limited to, fractures, faults, contacts and fissures. Secondly, the
spring discharge, or resurgence, is taken into consideration and labeled based
on magnitude. Groundwater is naturally discharged from the Paleozoic and
Cretaceous aquifers by numerous springs, channel seepage associated with
effluent streams, subsurface underflow, and evapotranspiration. Artificial
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discharge of the aquifers occurs by numerous wells that supply water needed for
public, rural domestic, irrigation, and livestock purposes (Bluntzer, 1992).
The carbonate lithology of the Ellenburger Group is normally associated
with the majority of springs in the study area. The discharge from springs
fluctuates with the amount of rainfall. A thermal study conducted by Stafford et al.
(2011) observed a single spring as a deep circulation system that contacts
mineralized zones that are characteristic of the Precambrian basement and not
the surficial carbonate sequences. Infrequent constituents have been
documented in the upper Moore Hollow Group suggesting communication of
basement mineralized zones that are mobilized by upwelling of basinal fluids
from the Ouachita Orogeny.

Chemical Quality of Groundwater
Groundwater quality is determined by the chemical constituents dissolved
from the soils and rock as the water percolates from the recharge zones through
the vadose zone into the saturated zone of an aquifer. Precipitation is relatively
free of minerals but is moderately acidic which makes it an effective solvent.
Depending on the regions geology, rainfall acquires the majority of dissolved
constituents from contacting the land as surface runoff. However, groundwater
constantly evolves through local, intermediate and regional flow paths in relation
to changes in rock lithology and strata geochemistry. As the water infiltrates the
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soil and/or rock, under the influence of gravity, it dissolves minerals at a relatively
constant rate and accumulative manner (Bluntzer, 1992).
Water quality is a result of natural physical and chemical states as well as
any alterations that may have occurred due to anthropogenic activity. When
groundwater encounters pollutants, they become part of the system at various
concentrations and alter the natural chemical signature of the aquifer. Other
important factors that influence the chemical concentrations of groundwater are
the residence time water is allowed to be in contact with the rock or pollutant, the
solubility rate of minerals, the amount of carbon dioxide obtained from soils, any
structural geologic features that may increase or impede the flow, and the
temperature and pressure at which the water is subjected from the aquifer
(Bluntzer, 1992).

Water Quality Index
The assessment of water quality is a critical component of groundwater
and surface-water resource management and development programs. The
purpose of water quality standards is to assure the safety of public water supplies
and to comply with the Federal “Safe Drinking Water Act” and the EPA’s “Primary
Drinking Water Regulations.” The Texas Commission on Environmental Quality
(TCEQ) is the state agency authorized to administer these standards to public
water suppliers in Texas. Primary standards apply to constituents that have set
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maximum contaminant levels (MCLs) to protect human health. Secondary
standards are recommended MCLs which are generally associated with taste,
odor, appearance, and staining problems. A water quality index (WQI) provides
a numerical value that expresses the overall water quality for locations based on
physical and chemical parameters of the water. The index turns complex water
quality data into information that can be understood and illustrated in an objective
manner. Applying a “grade” to water is controversial because a single number
does not include all water quality parameters. However, basing the water index
on major ions and physical parameters can provide a simple, stable, and
reproducible indicator of water quality and provide a different perspective for
possible issues with water for the region.
Research of this nature has been conducted for over 40 years beginning
with the general WQI developed by Brown et al. (1970) and reworked for special
purposes. In this research, an attempt to formulate a WQI using the principle
components of the regions groundwater is conducted over a large area. The
basic objective of this index is to serve as a monitoring tool for groundwater
quality for the Paleozoic aquifers in the region. Methodology for WQI was first
shown by Ribeiro (2002) and follows similar index construction techniques. Water
sample analyses allows for the selection of specific parameters including major
ion and physiochemical characteristics. Establishing a relationship between
expected values and dimensionless sub-index values ultimately creating an
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empirical rating curve must standardize these parameters. The resulting values
are aggregated and include individual weighing factors. Applying weight
transforms, the concentrations of a parameter into a score to represent the water
quality for individual wells.

Remote Sensing
Remote sensing is the practice of deriving information about the Earth’s
surface using images acquired from an overhead perspective along with the
treatment and processing of the picture data (Campbell and Wynne, 2011). The
application of remote sensing in earth sciences is difficult to evaluate because in
this circumstance aquifers are concealed by the surface of the Earth. Multiple
disciplines and technologies must be implemented to infer the characteristics of
subsurface features. Traditional field observations and measurements are a
necessity for the amount of accuracy that is expected in our industry.
Furthermore, the classification and interpretations of geoscience information is
based on subtle variations that are not evident without direct examination. Even
this level of material analysis is subject to error and controversy, which provides
additional practical and conceptual difficulties in the application of remote
sensing.
Hydrogeology depends on the monitoring of groundwater at specific
locations to build a place-to-place variation within the water body. Although this
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methodology is accepted, it is not conducive to the field because of the complex
and dynamic variables that are able to occur. Remote sensing provides a
technique to interpret broad-scale patterns that would be problematic to examine
in detail using point measurements alone. This technology alone will not replace
field and laboratory studies concerning water resources, but can provide valuable
supplements to field data that are not recognizable at the surface, recording
changes over time, and providing data for inaccessible regions (Campbell and
Wynne, 2011).
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CHAPTER 3
Methodology

Source of Data Collection
Water chemistry data were obtained and compiled into a geodatabase for
the study area to interpret naturally occurring dissolved inorganic constituents.
The major constituents associated with individual aquifers have been processed
as attribute data to better determine their spatial distribution and source of
chemical signatures. The Groundwater Resources Division (GRD) of the TWDB
is responsible for all aspects associated with groundwater studies in the state.
GRD monitors groundwater levels and groundwater quality in all major and minor
aquifers, conducts regional scale modeling, and maintains water well records.
Other responsibilities include investigations of aquifer and groundwater
conditions to support the needs of citizens of the state. The Groundwater
Database (GWDB) housed by the GRD is made available to the public through
the TWDB website. The inventory and record of water wells contain a state well
number based on their location within numbered U.S. Geological Survey’s 7.5
minute quadrangles formed by lines of latitude and longitude.
The GWDB contains information including location, depth, well type,
owner, driller, construction, and completion data, as well as aquifer, water-level,
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and water quality data. This information is supplemented with the Texas
Department of Licensing and Regulation’s (TDLR) Submitted Driller’s Report
Database. The TWDB groundwater quality monitoring program consists of
collecting samples directly from the aquifer, before treatment, in accordance with
procedures established to ensure network continuity. Reports are generated and
subdivided by county and include the record of wells, water levels, water quality,
infrequent constituent water quality and cooperator infrequent constituent water
quality. This study accessed the comma delimited .txt files containing individual
county data to import site specific information.

Excel Data Management
The GWDB includes comma delimited .txt files that allow the users to
download large amounts of data to transfer into excel spreadsheets. The key
component for manipulating the data is determining important parameters and
the order in which the user wants the data displayed. Information such as the
record of wells and water quality reports do not consistently report data in a
specific order and must be filtered through Excel to match state well numbers.
This type of filtering must be repeated for each county and checked for accuracy
during the process to obtain accurate results. Using Excel allows for a large
amount of data to be transferred to several different software platforms such as
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ArcGIS to construct attribute tables and MODFLOW to simulate the flow of
groundwater through aquifers.

Geographic Information Systems (ArcGIS 10.2)
Groundwater has not been a traditional study of GIS, in part because
resources are not visible and readily mapped compared to surface features such
as streams, rivers, and lakes. Aquifers are difficult to investigate because they
are three dimensional phenomena that normally involve a relatively small vertical
thickness when compared to spatial extent, which is a critical measure pertaining
to aquifer producibility. Data collected from TWDB were processed in a map
environment by representing wells as point features being the basis for
displaying well-related data. Aquifers were cataloged as polygon feature classes
and represent the boundary or separate sections of specific aquifers. The use of
both features provides the capabilities to associate numerous characteristics
such as aquifer identification, water quality, and well depth in a single dataset
without creating separate shape files or attribute tables. Water quality data have
been compiled to construct the attribute table that includes the important
chemical constituents and characteristics, including calcium (Ca), magnesium
(Mg), sodium (Na), potassium (K), bicarbonate (HCO3), sulfate (SO4), chloride
(Cl), nitrate (NO3), and TDS. This study separates individual aquifers with their
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distinctive chemical signatures to accurately evaluate the groundwater’s major
constituents and locations of hydraulic communication.

Processing Groundwater Data with Spline Technique
Using ESRIs ArcCatalog, shape files were downloaded from Texas
Natural Resources Information System (TNRIS) to display information such as
county boundaries, surface features, aquifer extents, and land use. These data
were utilized to construct the base layers that are required for plotting the well
location using latitude and longitude coordinates retrieved from the record of
wells report. The software allows the user to correspond well locations with water
quality data to develop splined images to illustrate chemical distribution maps.
The spline tool generates an estimated surface from a scattered set of points
with a predetermined z-value. This method of interpolation is modeled by a
Gaussian process and produces the best linear unbiased prediction of the
intermediate values. Overlaying geologic and recently constructed surficial
fracture maps on individual splined surfaces determined the structural controls of
aquifers in the study area.
This study focused on creating a regional summary of constituents by
establishing areas of interest for future investigations. Not being able to directly
view subsurface features, conceptual models are based on observations from
outcrops, boreholes, and geophysical surveys (Strassberg et al., 2011). Several
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feature classes were created to construct borehole models from aquifer and well
attribute tables.
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CHAPTER 4
Results

Data Review
After initial data compilation, it was determined that the unique geographic
and hydrologic controls would require the study area be divided into separate
regions. The areas selected for a more detailed study include: 1) the northern
sub-region (NSR) of McCulloch, Mason, and San Saba counties contain several
distinct flow paths determined by the water chemistry; and 2) the southern subregion (SSR) of Gillespie, Blanco, and Burnet counties contain
compartmentalized aquifer systems due to the complex network of fault blocks.
The division is also necessary because of the difference in average well depth
from with deeper wells completed in the NSR. Paleozoic Aquifers that exhibit
limited outcrop area or limited groundwater production (e.g. Marble Falls Aquifer)
have only been evaluated in counties that contain sufficient records and are
limited to tables that discuss average concentrations over time. Due to the limited
chemical data for the Marble Falls Aquifer, it was only evaluated in counties that
contained sufficient records. The focus of the study is on the Hickory and
Ellenburger-San Saba Aquifers containing larger data sets, which are considered
to be more representative evaluation of the region.
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Table 4-1: Paleozoic Aquifer well water level control quantity by county.
County Name

Hickory

Ellenburger-San Saba

Marble Falls

Blanco
Brown
Burnet
Coleman
Concho
Gillespie
Kimble
Lampasas
Llano
Mason
McCulloch
Menard
Mills
San Saba

66
0
20
0
3
57
3
0
69
202
133
4
0
82

156
4
43
5
1
52
11
5
8
15
52
17
4
110

4
0
6
0
0
3
0
7
0
0
8
0
0
66

Total

639

483

94

Table 4-2: Paleozoic Aquifer well chemistry sample quantity by county.
County Name

Hickory

Ellenburger-San Saba

Marble Falls

Blanco
Burnet
Gillespie
Kimble
Lampasas
Llano
Mason
McCulloch
Menard
Mills
San Saba

101
26
120
4
0
98
269
292
9
0
114

238
80
104
14
4
4
18
92
20
4
167

4
13
5
0
11
0
0
10
0
0
110

Total

1033

745

153
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Ion concentration maps were created using the EPA’s National Secondary
Drinking Water Regulations (NSDWRs) that set non-mandatory water quality
standards. The use of water quality regulations establishes a consistent
foundation to describe and illustrate the information compiled during the study.

Potentiometric Surface Maps
A potentiometric surface map was created for both sub-regions in order to
better understand flow and chemical evolution of groundwater. Using well data
taken from the TWDB, a potentiometric surface map was created in ArcGIS.
Faults identified on the surface were not interpreted as barriers or conduits when
calculating the groundwater elevation. The map indicates that groundwater is
flowing from the southwest towards the northeast in the NSR (Figure 4.1 and
Figure 4.2). The primary location for recharge in this section occurs at the
outcrop in the unconfined sections of the Hickory and Ellenburger-San Saba.
Discharge appears to be located at two locations including the San Saba River in
the west and the Colorado River in the east. This is indicated by the “v” created
by the contours in the upstream direction.
The SSR appears to contain a groundwater divide for both aquifers in
Gillespie County that separate groundwater flow directions (Figure 4.3 and
Figure 4.4). Water that originates in the northwest of this region flows to the
southwest, while water from the northeast flows to the southeast.
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Figure 4-1: Potentiometric surface summary in the NSR of the Hickory Aquifer, Texas.
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Figure 4-2: Potentiometric surface summary in the NSR of the Ellenburger-San Saba Aquifer, Texas.
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Figure 4-3: Potentiometric surface summary in the SSR of the Hickory Aquifer, Texas.

Figure 4-4: Potentiometric surface summary in the SSR of the Ellenburger-San Saba Aquifer, Texas.

.

40

The large concentration of wells observed along the Pedernales River in
the Ellenburger-San Saba and the orientation of contours suggest this as the
probable location for discharge. The continuity of outcrops for both aquifers is
relatively sparse for the SSR suggesting that recharge is concentrated from the
leakage of overlying formations. Due to the isolated fault blocks in both the
Hickory and Ellenburger-San Saba units in this region compartmentalization
plays a significant role in groundwater movement.

Piper Diagrams
Piper diagrams (Piper, 1944) are graphical methods designed to
simultaneously represent the relative proportions of certain major ionic species
sampled in groundwater. The trilinear plots are the most widely used graphical
form used by environmental agencies in the United States. The diagram displays
the relative concentrations of major cations and anions on two separate trilinear
plots, together with a central diamond plot where the points from the two trilinear
plots are projected (Guler, 2002). The central diamond-shaped field (quadrilateral
field) is used to show overall chemical character of the water. Back (1961)
defined subdivisions of the diamond field, which represent water-type categories
that form a classification scheme for natural waters. As water flows through an
aquifer it assumes a diagnostic chemical composition as a result of interaction
with the lithologic framework (Fetter, 2001).
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Piper diagram data are plotted for wells less than 200 meter depth and
well with depths greater than 200 meters for the NSR (Figure 4-5 and Figure 46). The Hickory and Ellenburger-San Saba aquifers are dominated by Ca-HCO3
type waters for shallow waters. For deeper waters there is a majority of the wells
do not have a dominate cation but appear to favor Na-K-HC03 type with
increasing depth. The cation triangle for the NSR of the Hickory displays deeper
waters that appear to be disconnected and not evolved from the general
chemistry of the shallower waters, signifying a separate flow path from the
shallow waters. The NSR of the Ellenburger-San Saba exhibits higher
concentrations of chloride that suggest several wells are not connected to the
regional flow paths in the area.
Wells located in the SSR are on average completed at a much more
shallow depth due to the extensive faulting in the area. The waters of the Hickory
and Ellenburger-San Saba aquifers are also dominated with Ca-HCO3 over the
sub-region (Figure 4-7 and Figure 4-8). Although the sub-regions display similar
traits, the apparent differences pertaining to sulfate in the SSR for the
Ellenburger-San Saba suggest that this portion of the aquifer is undergoing a
separate process. The explanation for a small percentage of wells dominated by
sulfate would be from the leaching of Hensell Sandstone waters that are
documented of having elevated sulfate concentrations.
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Figure 4-5: Piper diagram for the NSR of the Hickory Aquifer, Texas.
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Figure 4-6: Piper diagram for the NSR of the Ellenburger-San Saba Aquifer,
Texas.
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Figure 4-7: Piper diagram for the SSR of the Hickory Aquifer, Texas.
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Figure 4-8: Piper diagram for the SSR of the Ellenburger-San Saba Aquifer,
Texas.
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Contoured Structure Maps
The area of interest is located around the rim of the Llano Uplift, of Central
Texas. The uplift is defined by Standen and Ruggiero (2007) as a broad
structural dome, located in a topographic basin, with nearly three kilometers of
relief relative to the subsurface Fort Worth and Kerr basins to the northeast and
southwest, respectively.
The orientation of dip of the Paleozoic Aquifers is in a radial pattern away
from the dome with strata being segmented by northeast trending Paleozoic-age
normal faulting ranging in displacement from a few meters to over 150 meters
(Smith, 2004). Figure 4-9 displays how the Hickory Sandstone sediments were
deposited on an irregular erosional surface of the Llano Uplift, similar to the
surface of the exposed basement rocks in Central Texas today (Preston, 1996).
The Hickory Aquifer in the NSR contains an average dip of 40 meters per
kilometer towards the northeast and northwest, respectively.
The Ellenburger Group is composed of laterally extensive shallow-water
platform carbonates reaches a maximum thickness of 530 meters (Kerans,
1990). Barnes and Bell (1977) recorded six major systems dominating the
depositional history of the Ellenburger Group that initiated with the Late
Cambrian transgressive phase. Figure 4-10 displays how the Ellenburger Aquifer
in the NSR contains an average dip of 25 meters per kilometer towards the
northwest and 70 meters per kilometer towards the northeast.
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Figure 4-9: Contoured structure map for the NSR of the Hickory Aquifer, Texas
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Figure 4-10: Contoured structure map for the NSR of the Ellenburger-San Saba Aquifer, Texas

50

Figure 4-11: Contoured structure map for the SSR of the Hickory Aquifer, Texas
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Figure 4-12: Contoured structure map for the SSR of the Ellenburger-San Saba Aquifer, Texas

Sulfate Concentrations
Sulfates occur naturally in numerous minerals including pyrite, gypsum,
barite and celestite. It can also be discharged into water from industrial waste;
however, the highest levels usually occur in groundwater and are from natural
sources (WHO, 2004). The two distinct increases of sulfate concentrations in the
NSR of the Hickory suggest that there are at least two separate groundwater flow
paths in this area. This is demonstrated by the spike in concentrations located in
shallow wells less than 200 meters and deep wells completed at 800 to 1000
meters (Figure 4-13). With differing lithology and recorded clay lenses measuring
approximately 30 meters between the upper and lower Hickory, it can be
assumed that there is no mixing occurring in this area.
The shallow flow path is located near the outcrop where the Hickory is
unconfined and the deep flow path is located in the subcrop where the aquifer is
under confined conditions. Near the outcrop of both the Hickory and EllenburgerSan Saba, where active recharge is taking place, sulfate concentrations are
nearly identical (Figure 4-14). It can be speculated that at depths of less than 200
meters, Ellenburger-San Saba waters are leaking into the Hickory Aquifer. The
ideal locations for this to occur is in areas where the Hickory and EllenburgerSan Saba are in direct contact or the thickness of the formations between the two
aquifers allows water to be transmitted from the Ellenburger-San Saba to the
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Figure 4-13: Sulfate (SO4) vs depth for the NSR of the Hickory Aquifer, Texas.

Figure 4-14: Sulfate (SO4) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.
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Hickory. At these shallow depths it is evident that head pressures are not yet
sufficient to produce upwelling of Hickory water into the Ellenburger-San Saba.
The compartmentalization and geologic configuration control the sulfate
concentrations in the SSR that do not share similarities with the north. The
Cretaceous Hensell Sandstone overlies portions of the segmented Hickory and
more notably the Ellenburger San Saba. The Hensell is part of the lower Trinity
Aquifer system that has been documented to contain excessive amounts of
sulfate and is in communication with the Hickory and Ellenburger-San Saba
Aquifers under differential head conditions (Bluntzer, 1992). Predominant sulfate
minerals are found particularly in the marls, shales, and clays of the Trinity Group
aquifers of the study area are anhydrite and gypsum. This condition exists
predominantly in the southeastern portion of the study area in Gillespie, Blanco,
and Hays counties.
An additional source of sulfate is the reduction of ferric iron that has
yielded pyrite in the formation. Excessive sulfate concentration in the
Ellenburger-San Saba Aquifer (Figure 4-16) is constrained to the southern
portion of the study area in Gillespie, Blanco, and Kendall counties. Wells that
contain over 2000 mg/L of sulfate appear to be in compartmentalized sections of
the Ellenburger-San Saba where flow is minimal and the Hensell leaks into the
underlying formations. Wells that are properly sealed, cased, and cemented in

54

Figure 4-15: Sulfate (SO4) vs depth for the SSR of the Hickory Aquifer, Texas.

Figure 4-16: Sulfate (SO4) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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units that are predominantly composed of anhydrite and gypsum are not as
affected by excessive sulfate concentrations.
The average sulfate concentration for counties yielded both increases and
decreases in all three aquifers. Relatively high increases in sulfate for the Hickory
Aquifer were recorded in the counties of Blanco and Llano (Table 4-3; Appendix
A). The Ellenburger-San Saba observed the largest increase in Blanco County in
the past 15 years and contains and average concentration over the secondary
drinking water standard (250 mg/L) (Table 4-4; Appendix A). Increases of this
magnitude could be caused by accelerated pumping on aquifers that receive
minimal recharge.

Table 4-3: Hickory Aquifer sulfate concentrations by county and division of time.
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
62.4
51.2
71.7
26.0
27.4
28.2
27.9
37.7
36.7
21.7
52.2
113.5
31.3
28.7
37.2
46.8
63.7
63.7
NA
43.4
25.0
24.4
36.2
18.5

56

Hickory
Sulfate Trend
Increase
Increase
Decrease
Increase
Increase
Increase
Decrease
Decrease

Table 4-4: Ellenburger-San Saba Aquifer sulfate concentrations by county and
division of time.
Average Concentration Over Time (mg/L)
County Name

Prior to 1975

1975-2000

2000-2015

162.4
22.7
40.2
82.0
19.8
42.7
62.2
23.7

177.3
39.7
79.8
112.7
19.6
48.1
75.8
15.1

270.0
19.9
37.7
62.1
41.2
87.5
71.3
12.0

Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Table 4-5.
of time.
County Name
Burnet
Lampasas
McCulloch
San Saba

EllenburgerSan Saba
Sulfate Trend
Increase
Decrease
Decrease
Decrease
Increase
Increase
Decrease
Decrease

Marble Falls Aquifer sulfate concentrations by county and division

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
NA
27.4
30.9
41.7
38.5
NA
226.0
196.9
191.0
22.9
21.7
16.2

Marble Falls
Sulfate Trend
Increase
Decrease
Decrease
Decrease

Nitrate Concentrations
Groundwater nitrate inputs include, but are not limited to natural, urban,
industrial, and agricultural sources (Harter, 2012). Nitrate concentration in
groundwater is normally low but can reach high levels because it does not
significantly adhere to or react with sediments or other geologic materials (Harter,
2012). High nitrate concentrations are normally the result of leaching or runoff
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from agricultural land or contamination from human or animal wastes as a
consequence of the oxidation of ammonia and similar sources (WHO, 2004).
Presence of nitrate at shallow depths appears to have regional trends in
the Paleozoic aquifers providing an analogue to groundwater flow patterns. The
NSR contains high nitrate concentrations in shallow wells (less than 200 meters)
for both the Hickory and Ellenburger-San Saba (Figure 4-17 and Figure 4-18).
This suggests that active recharge is occurring to depths of 200 meters. Nitrate
loading displayed in both sub regions suggest anthropogenic sources from the
application of chemical fertilizers and demonstrates the extent of active recharge.
The Hickory Aquifer over time displayed an overall increase for nearly all
counties (Table 4-6; Appendix A). Llano County recorded the largest increase in
average concentration that is over the secondary drinking water standard of 44.3
mg/L. All counties that displayed increases in nitrate for both the Ellenburger-San
Saba and Marble Falls were below the secondary drinking water standard (Table
4-7, 4-8; Appendix A).
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Figure 4-17: Nitrate (NO3) vs depth for the NSR of the Hickory Aquifer, Texas.

Figure 4-18: Nitrate (NO3) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.
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Figure 4-19: Nitrate (NO3) vs depth for the SSR of the Hickory Aquifer, Texas.

Figure 4-20: Nitrate (NO3) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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Table 4-6: Hickory Aquifer nitrate concentrations by county and division of time.
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Table 4-7.
of time.

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
1.2
1.3
4.3
1.6
3.4
3.7
9.9
9.8
17.3
9.5
20.7
75.3
23.2
15.8
22.6
6.9
6.2
5.4
NA
4.6
15.5
12.5
6.8
7.7

Ellenburger-San Saba nitrate concentrations by county and division

Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Hickory Nitrate
Trend
Increase
Increase
Increase
Increase
Increase
Decrease
Increase
Increase

Prior to 1975

1975-2000

2000-2015

37.6
31.7
10.2
0.7
16.3
10.3
14.5
18.2

12.4
11.7
9.0
16.7
6.5
4.3
22.5
8.9

8.0
10.2
13.5
23.1
1.7
3.7
34.6
7.5

EllenburgerSan Saba Nitrate
Trend
Decrease
Decrease
Increase
Increase
Decrease
Decrease
Increase
Decrease

Table 4-8: Marble Falls Aquifer nitrate concentrations by county and division of
time.
County Name
Burnet
Lampasas
McCulloch
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
NA
11.4
4.8
0.0
57.8
NA
1.2
4.1
13.1
21.7
8.6
3.3
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Marble Falls
Nitrate Trend
Decrease
Increase
Increase
Decrease

Chloride Concentrations
The type and concentration of salts depend on the environment,
movement, and source of the groundwater (Todd and Mays, 2005). Salinity
varies with specific surface area of aquifer materials, solubility of minerals, and
contact time; values tend to be highest where movement of groundwater is least.
The most common geochemical sequence in groundwater includes shallow water
dominated by bicarbonate that varies to chloride waters in the deepest portions
of formations (Todd and Mays, 2005).
Chloride concentrations for the NSR of the Hickory display similarities with
sulfate having two distinct increases in shallow wells to deep wells suggesting
isolated flow paths in the area (Figure 4-21). High chloride concentrations
recorded in the Ellenburger San-Saba at shallow depths suggest an
anthropogenic source from heavy pumpage in certain areas. Evidently these
wells are screened in parts of the formation that contain mixed qualities of water
and through over pumping can decrease the local head pressure enough to draw
lower quality water with high total dissolved solid concentrations (Figure 4-22).
Chloride concentrations recorded in the SSR are relatively mild compared to the
north (Figure 4-23 and Figure 4-24). This portion of the data was unexpected due
to the compartmentalization of the aquifers in the area suggesting that
groundwater flow is not stagnant as previously predicted. Possible reasons for
this observation would include the leakage of aquifers into the underlying
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Figure 4-21: Chloride (Cl) vs depth for the NSR of the Hickory Aquifer, Texas.

Figure 4-22: Chloride (Cl) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.
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formations and the faults/fractures acting as conduits for groundwater to be
transmitted. Groundwater levels for the SSR do not indicate that upwelling of
waters would be occurring in this portion of the study area (Figure 4-3 and Figure
4-4).
An overall increase was recorded in the Hickory for chloride concentration
over time for nearly all counties (Table 4-9; Appendix A). The Ellenburger SanSaba contained an overall decrease in chloride with San Saba County containing
concentrations over secondary drinking water standards of 250 mg/L from 19402000 (Table 4-10; Appendix A). From 2000-2015 San Saba counties average
dropped below 250 mg/L, but still contains the highest concentration in all three
aquifers. The Marble Falls contained an overall increase in chloride concentration
over time for nearly all counties (Table 4-11; Appendix A).
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Figure 4-23: Chloride (Cl) vs depth for the SSR of the Hickory Aquifer, Texas.

Figure 4-24: Chloride (Cl) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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Table 4-9: Hickory Aquifer chloride concentrations by county and division of time.
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
91.1
74.6
77.8
24.0
48.3
100.7
21.7
77.0
80.2
59.7
74.8
128.2
60.0
43.7
43.4
55.8
62.5
66.7
NA
31.6
34.2
133.4
129.9
88.0

Hickory Chloride
Trend
Increase
Increase
Increase
Increase
Decrease
Increase
Increase
Decrease

Table 4-10: Ellenburger-San Saba chloride concentrations by county and division
of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

35.9
58.5
117.6
101.0
34.6
165.8
246.9
317.2

50.8
39.0
101.6
111.4
36.4
49.9
144.2
396.8

31.9
31.4
72.0
70.8
43.4
40.0
102.0
246.8

EllenburgerSan Saba
Chloride
Trend
Decrease
Decrease
Decrease
Decrease
Increase
Decrease
Decrease
Decrease

Table 4-11: Marble Falls Aquifer chloride concentrations by county and division
of time.
County Name
Burnet
Lampasas
McCulloch
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
NA
32.0
133.0
501.7
559.4
NA
68.0
96.7
66.7
58.7
59.9
74.0
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Marble Falls
Chloride Trend
Increase
Increase
Decrease
Increase

Bicarbonate Concentrations
The principal sources of alkalinity or the capacity of solutes in water to
neutralize acid include dissolved carbon dioxide, bicarbonate, and carbonate.
Inputs of carbonate into groundwater include atmospheric and biologically
produced carbon dioxide, carbonate minerals, and biologically-mediated sulfate
reduction (Beaty, 2002).
The data compiled in the study area resemble the Chebotarev sequence.
Bicarbonate anions dominate shallow groundwater giving way to sulfate and then
chloride anions. This phenomena is most prevalent in the NSR of the Hickory
where there is an inverse relationship between bicarbonate and sulfate/chloride
at deeper depths (Figure 4-25). Bicarbonate concentrations decrease with
increase of well depth while sulfate and chloride increase with increase of well
depth. The SSR for both aquifers do not display significant changes suggesting
that the compartmentalization has minimal effect on flow paths in the sub-region
(Figure 4-27 and Figure 4-28).
The increase of sulfate and chloride concentrations in Llano County
significantly lowered the average of bicarbonate for the Hickory by 150 mg/L in
the most recent sampling (Table 4-12; Appendix A). The Ellenburger-San Saba
displayed relatively minor fluctuations pertaining to averages over time (Table 413; Appendix A). The largest increase in average bicarbonate was identified in
McCulloch County in the Marble Falls Aquifer with nearly double the
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Figure 4-25: Bicarbonate (HCO3) vs depth for the NSR of the Hickory Aquifer,
Texas.

Figure 4-26: Bicarbonate (HCO3) vs depth for the NSR of the Ellenburger-San
Saba Aquifer, Texas.
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Figure 4-27: Bicarbonate (HCO3) vs depth for the SSR of the Hickory Aquifer,
Texas.

Figure 4-28: Bicarbonate (HCO3) vs depth for the SSR of the Ellenburger-San
Saba Aquifer, Texas.
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concentration for the most recent sampling (Table 4-14; Appendix A). An
explanation for this increase would be due to the amount of wells available for
the dataset to develop a representative average for this aquifer.

Table 4-12: Hickory Aquifer bicarbonate concentrations by county and division of
time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

383.6
415.8
359.2
330.3
275.2
267.5
NA
309.9

418.8
431.6
382.7
374.1
268.6
304.2
320.8
350.7

403.3
384.8
384.9
223.9
304.9
307.4
339.9
377.8

Hickory
Bicarbonate
Trend
Decrease
Decrease
Increase
Decrease
Increase
Increase
Increase
Increase

Table 4-13: Ellenburger-San Saba Aquifer bicarbonate concentrations by county
and division of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

411.2
446.1
362.2
352.1
370.1
304.3
337.3
408.8

415.4
421.1
402.7
358.3
488.5
376.7
341.5
414.8

406.3
425.2
408.3
400.9
355.1
349.2
372.8
440.6
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EllenburgerSan Saba
Bicarbonate
Trend
Decrease
Increase
Increase
Increase
Decrease
Decrease
Increase
Increase

Table 4-14: Marble Falls Aquifer bicarbonate concentrations by county and
division of time.
Average Concentration Over Time (mg/L)
County Name
Burnet
Lampasas
McCulloch
San Saba

Prior to 1975

1975-2000

2000-2015

NA
367.1
318.0
391.2

401.4
385.3
364.7
433.6

342.9
NA
605.3
430.2

Marble Falls
Bicarbonate
Trend
Decrease
Increase
Increase
Decrease

Sodium and Potassium Concentrations
Sources for sodium and potassium can be derived naturally from the
dissolution of some silicate minerals in granitic rocks and from reactions with
some clay minerals (Plummer, 2003). The leaching of fertilizer can also have an
effect on the concentration of sodium and potassium in shallow aquifers.
For wells less than 200 meters in the NSR of the Hickory, average
concentrations are normally consistent for both constituents (Figure 4-29 and
Figure 4-33). The outliers for shallow wells contain double the concentration for
both ions, suggesting that the source is most likely the leaching of fertilizers. The
distinct increases at depths greater than 600 meters are at five times the normal
average. Recognizing that this portion of the aquifer is not undergoing active
recharge suggests that this confined unit experiences hydraulic head greater
than the surrounding sub-regions. The increase of sodium and potassium would
most likely be the upwelling of basinal fluids from the underlying granite which is
the source of the Hickory sediments.
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Figure 4-29: Sodium (Na) vs depth for the NSR of the Hickory Aquifer, Texas.

Figure 4-30: Sodium (Na) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.
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It can be inferred that the sodium and potassium is derived from the
dissolution of the abundant feldspar documented in the Precambrian Town
Mountain Granite. This distinct pattern is not noticeable in other locations
indicating that the hydraulic head does not reach sufficient pressure causing
upwelling to take place. The Ellenburger-San Saba averages in the NSR do not
contain similar averages at its base compared to the upper Hickory for sodium
and potassium indicating that connectivity is negligible. (Figure 4-30 and Figure
4-34). The SSR as opposed to the NSR displays evidence for the possibility of
communication by the similarity of average concentrations for the base of the
Ellenburger-San Saba and the upper Hickory for both cations (Figure 4-31 and
Figure 4-35).
Sodium concentrations over time display an overall decrease for the
majority of counties with minimal increases for other counties. San Saba County
contained the highest sodium average for both the Hickory and Ellenburger-San
Saba in the most recent sampling (Table 4-15, 4-16; Appendix A). A specific
pattern over time for potassium cannot be inferred from the data compiled. There
is a similarity in McCulloch County for containing the highest concentrations of
potassium for both the Hickory and Ellenburger-San Saba (Table 4-18, 4-19;
Appendix A). A possible reason for this could be McCulloch County containing
the largest continuity of both aquifers although the data implies that the units are
not connected due to thickness of formations between the aquifers.
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Figure 4-31: Sodium (Na) vs depth for the SSR of the Hickory Aquifer, Texas.

Figure 4-32: Sodium (Na) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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Potassium concentrations pertaining to Marble Falls would be considered
trace elements and are not sufficient to develop a representative explanation for
the aquifer.

Table 4-15: Hickory Aquifer sodium concentrations by county and division of
time.
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
69.3
85.1
63.3
45.8
52.5
78.3
13.9
41.5
34.6
36.4
49.6
25.6
39.3
33.4
28.5
59.8
74.0
60.8
NA
44.8
24.8
123.4
140.6
91.4

Hickory Sodium
Trend
Decrease
Increase
Decrease
Decrease
Decrease
Decrease
Decrease
Decrease

Table 4-16: Ellenburger-San Saba Aquifer sodium concentrations by county and
division of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

21.9
32.5
52.9
40.0
23.5
113.5
141.1
254.8

31.0
24.3
71.8
58.0
21.9
40.1
57.0
265.7

23.3
17.5
43.3
39.5
26.7
44.4
63.9
164.9
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EllenburgerSan Saba Sodium
Trend
Decrease
Decrease
Decrease
Decrease
Increase
Increase
Increase
Decrease

Table 4-17: Marble Falls Aquifer sodium concentrations by county and division of
time.
County Name
Burnet
Lampasas
McCulloch
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
NA
16.9
57.7
247.0
312.3
NA
201.0
178.5
169.0
70.3
45.6
49.3

Marble Falls
Sodium Trend
Increase
Increase
Decrease
Increase

Figure 4-33: Potassium (K) vs depth for the NSR of the Hickory Aquifer, Texas.
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Figure 4-34: Potassium (K) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.

Figure 4-35: Potassium (K) vs depth for the SSR of the Hickory Aquifer, Texas.

77

Figure 4-36: Potassium (K) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.

Table 4-18: Hickory Aquifer potassium concentrations by county and division of
time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

5.3
NA
NA
3.8
17.1
15.9
NA
18.9

4.7
6.3
3.5
3.6
3.0
13.5
3.8
8.7

4.9
7.4
4.7
5.1
3.1
11.7
3.5
5.6
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Hickory
Potassium
Trend
Increase
Increase
Increase
Decrease
Decrease
Decrease
Decrease
Decrease

Table 4-19: Ellenburger-San Saba potassium concentrations by county and
division of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

6.9
NA
5.8
4.1
NA
16.1
NA
14.0

4.5
5.1
5.9
5.5
3.9
5.7
3.7
10.2

4.3
1.7
4.1
4.0
4.6
9.0
4.5
7.0

EllenburgerSan Saba
Potassium
Trend
Decrease
Decrease
Decrease
Decrease
Increase
Increase
Increase
Decrease

Table 4-20: Marble Falls Aquifer potassium concentrations by county and division
of time.
Average Concentration Over Time (mg/L)
County Name
Burnet
Lampasas
McCulloch
San Saba

Prior to 1975

1975-2000

2000-2015

NA
NA
15.0
12.4

3.2
16.0
5.7
4.8

4.9
NA
3.0
2.6

Marble Falls
Potassium
Trend
Increase
No Change
Decrease
Decrease

Calcium and Magnesium Concentrations
The major constituents responsible for hardness of water are calcium and
magnesium. Their presence is normally the result of dissolution from carbonate
minerals such as calcite and dolomite. “Hardness” relates the concentrations of
metallic ions, particularly calcium and magnesium, expressed as an equivalent
concentration of dissolved calcite (CaCO3) (Beaty, 2002). Durfor and Becker
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(1964) developed the following classification for water hardness; soft water, 0 to
60 mg/L (as CaCO3); moderately hard water, 61 to 120 mg/L; hard water, 121 to
180 mg/L; and very hard water, over 180 mg/L.
The Paleozoic aquifers can be characterized as hard to very hard in the
Durfor and Becker hardness classification system. Greater hardness values are
located at depths less than 200 meters. The piper diagrams displayed that
calcium is the dominant cation for the Hickory and Ellenburger-San Saba in both
sub-regions. The Hickory and Ellenburger-San Saba data suggests that calcium
is only dominant in shallow waters of less than 200 meters and does not contain
a dominant cation at greater depths (Figure 4-37 and Figure 4-38). This
reinforces the idea that connectivity may occur where the aquifers are adjacent to
one another at the outcrop and are disconnected further downdip.
The SSR contains similar concentrations of calcium indicating that there is
a greater likelihood for connectivity to be observed (Figure 4-39 and Figure 4-40).
Magnesium concentrations in the NSR display a similar relationship to calcium
with greater concentrations observed at depths less than 200 meters and
continued decrease with depth (Figure 4-41 and Figure 4-42). The SSR
magnesium concentrations remain constant and are not dependent on depth
(Figure 4-43 and Figure 4-44).
The average calcium concentration over time for the Hickory Aquifer has
an overall increase for the majority of counties (Table 4-21; Appendix A). The

80

calcium concentrations for the Ellenburger-San Saba are much greater than
recorded in the Hickory, but have decreased in the majority of counties (Table 422; Appendix A). This is consistent with the Hickory waters residing in a
sandstone matrix while the Ellenburger-San Saba waters reside in the fractures
and joints of limestone and dolostone. The Marble Falls concentration of calcium
and magnesium displays an inverse relationship for counties that have increased
in calcium have decreased in magnesium and vice versa (Table 4-23; Appendix
A).

Figure 4-37: Calcium (Ca) vs depth for the NSR of the Hickory Aquifer, Texas.
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Figure 4-38: Calcium (Ca) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.

Figure 4-39: Calcium (Ca) vs depth for the SSR of the Hickory Aquifer, Texas.
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Figure 4-40: Calcium (Ca) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.

Table 4-21: Hickory Aquifer calcium concentrations by county and division of
time.

County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
89.6
69.8
80.2
66.3
76.6
73.4
71.9
87.7
88.4
79.9
89.0
72.5
74.1
72.4
82.6
51.7
48.5
61.7
NA
51.6
82.1
70.5
58.2
69.0
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Hickory Calcium
Trend
Increase
Decrease
Increase
Decrease
Increase
Increase
Increase
Increase

Table 4-22: Ellenburger-San Saba calcium concentrations by county and division
of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

128.6
109.1
81.6
91.0
89.5
70.6
100.9
95.3

121.4
95.5
88.1
100.6
91.2
81.0
135.0
93.2

138.9
93.7
82.1
82.6
59.4
69.7
108.9
101.3

EllenburgerSan Saba
Calcium
Trend
Increase
Decrease
Decrease
Decrease
Decrease
Decrease
Decrease
Increase

Table 4-23: Marble Falls Aquifer calcium concentrations by county and division of
time.
County Name
Burnet
Lampasas
McCulloch
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
NA
115.4
80.2
115.0
115.3
NA
28.0
70.7
85.2
102.6
106.9
91.7
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Marble Falls
Calcium Trend
Decrease
Increase
Increase
Decrease

Figure 4-41: Magnesium (Mg) vs depth for the NSR of the Hickory Aquifer,
Texas.

Figure 4-42: Magnesium (Mg) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.
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Figure 4-43: Magnesium (Mg) vs depth for the SSR of the Hickory Aquifer,
Texas.

Figure 4-44: Magnesium (Mg) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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Table 4-24: Hickory Aquifer magnesium concentrations by county and division of
time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

36.2
34.5
37.4
25.5
21.6
20.2
NA
17.3

33.4
37.1
41.1
37.7
17.7
28.2
33.0
15.4

39.8
35.6
43.0
17.4
24.1
27.5
30.3
17.4

Hickory
Magnesium
Trend
Increase
Decrease
Increase
Decrease
Increase
Decrease
Decrease
Increase

Table 4-25: Ellenburger-San Saba Aquifer magnesium concentrations by county
and division of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

55.4
37.9
46.5
50.0
33.3
26.6
36.0
33.5

54.8
36.7
47.3
48.8
49.5
33.2
29.7
29.7

61.5
37.4
42.8
53.6
39.0
38.9
31.6
28.3

EllenburgerSan Saba
Magnesium
Trend
Increase
Increase
Decrease
Increase
Decrease
Increase
Increase
Decrease

Table 4-26: Marble Falls Aquifer magnesium concentrations by county and
division of time.
Average Concentration Over Time (mg/L)
County Name
Burnet
Lampasas
McCulloch
San Saba

Prior to 1975

1975-2000

2000-2015

NA
55.7
17.0
23.6

23.0
47.9
19.7
25.5

36.9
NA
48.4
31.0
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Marble Falls
Magnesium
Trend
Increase
Decrease
Increase
Increase

Values of pH and Total Dissolved Solids Concentrations
In typical natural groundwater systems, a neutral pH is considered to be a
7, while a pH less than 7 is acidic and a pH greater than 7 means the water is
alkaline (Nelson, 2002). The pH measures the hydrogen ions available to enter
and disassociate mineral structure in formations thus adding dissolved
constituents to groundwater (Nelson, 2002). For the Hickory located in the NSR,
the pH increases with increased depth making the water alkaline by nature
(Figure 4-49). The alkaline water would not be expected to dissolve additional
constituents from the surrounding host rock. The increase of TDS with depth
signifies that the physiochemical parameters of waters at depths greater than
600 meters are not the dominant driver of the aquifer. This suggests that
increased residence time due to stagnation and increased temperature allow
waters to equilibrate with the surrounding formation. As expected the wells
containing the highest concentrations of TDS are located the near the extent of
the subcrops for both aquifers.
Similar patterns are displayed for the Ellenburger-San Saba for the NSR
and Hickory of the SSR, but not the Ellenburger of the SSR. The difference for
these aquifers is that there is not a noticeable increase of TDS concentrations
with depth. This suggests that waters may not be as stagnant as previously
expected in previous work. As stated above, there are two distinct increases of
TDS in the Hickory of the NSR as opposed to the SSR (Figure 4-45 and Figure
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4-47). The TDS concentrations for the Ellenburger-San Saba display significant
increase at random depths (Figure 4-46 and Figure 4-48). Possibilities for the
phenomena include the aquifer experiencing conduit flow conditions recharging
directly from surface runoff or increased carbonate dissolution in karstified areas
due to high flow rates.

Figure 4-45: Total Dissolved Solids (TDS) vs depth for the NSR of the Hickory
Aquifer, Texas.
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Figure 4-46: Total Dissolved Solids (TDS) vs depth for the NSR of the
Ellenburger-San Saba Aquifer, Texas.

Figure 4-47: Total Dissolved Solids (TDS) vs depth for the SSR of the Hickory
Aquifer, Texas.
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Figure 4-48: Total Dissolved Solids (TDS) vs depth for the SSR of the
Ellenburger-San Saba Aquifer, Texas.

Table 4-27: Hickory Aquifer TDS concentrations by county and division of time.
County Name
Blanco
Burnet
Gillespie
Llano
Mason
McCulloch
Menard
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
585.4
540.3
563.0
413.5
470.1
533.1
372.8
495.6
513.4
414.9
529.9
583.0
391.0
367.5
411.3
393.5
452.9
467.9
NA
382.0
403.0
530.7
581.1
502.6
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Hickory TDS
Trend
Increase
Increase
Increase
Increase
Increase
Increase
Increase
Decrease

Table 4-28: Ellenburger-San Saba Aquifer TDS concentrations by county and
division of time.
Average Concentration Over Time (mg/L)
County Name
Blanco
Burnet
Gillespie
Kimble
Mason
McCulloch
Menard
San Saba

Prior to 1975

1975-2000

2000-2015

630.6
520.1
544.2
560.0
394.8
655.5
786.4
904.4

673.6
470.5
604.1
650.6
484.8
458.6
655.9
1042.9

792.8
436.1
519.0
553.0
405.5
479.8
620.5
799.4

EllenburgerSan Saba TDS
Trend
Increase
Decrease
Decrease
Decrease
Decrease
Increase
Decrease
Decrease

Table 4-29: Marble Falls Aquifer TDS concentrations by county and division of
time.
County Name
Burnet
Lampasas
McCulloch
San Saba

Average Concentration Over Time (mg/L)
Prior to 1975
1975-2000
2000-2015
NA
439.0
533.0
1143.0
1347.9
NA
719.0
764.8
895.0
521.2
497.7
493.5
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Marble Falls
TDS Trend
Increase
Increase
Increase
Decrease

Figure 4-49: pH range (pH) vs depth for the NSR of the Hickory Aquifer, Texas.

Figure 4-50: pH range (pH) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.
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Figure 4-51: pH range (pH) vs depth for the SSR of the Hickory Aquifer, Texas.

Figure 4-52: pH range (pH) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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Temperature
Groundwater temperature has been tested by several researchers to be
used as a possible natural tracer to reveal the regional structure of a
groundwater flow system (Kogovsek, 2010). It is considered to be a
nonconservative tracer due to the exchanges of temperature between water and
rock along a flow path with the degree of heat exchange being controlled by the
thermal characteristics of the rock and flow velocity (Renner, 1997). The
geothermal gradient varies by location because of the differences both in rock
composition and in regional and local heat sources (Lovering, 1963).
All shallow wells completed in the study area display temperatures
averaging from 21C-24C. In wells completed at depths greater than 600 meters
in the NSR, there is a noticeable pattern of increasing temperature for the
Hickory and Ellenburger-San Saba (Figure 4-53 and Figure 4-54). The
geothermal gradient in this sub-region has been calculated to be 2.1C per 100
meters of depth. This calculation is nearly identical to the average geothermal
gradient of 25C per kilometer applied to lithospheric conditions away from
tectonic plate boundaries.
Well data from the SSR are not completed at deep intervals for the
geothermal gradient to be calculated. Other factors besides the geothermal
gradient controlling the temperature in these aquifers include the residence time
and flow velocity. The increase of TDS in the NSR for deep wells in the Hickory
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suggest that the residence time of waters is much longer and the flow velocity
compared to shallow wells is decreased significantly. This scenario allows
greater time for waters to interact with the host rock accumulating dissolved
solids and slower velocities give waters additional time to equilibrate in the
formation.

Figure 4-53: Temperature (C) vs depth for the NSR of the Hickory Aquifer,
Texas.
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Figure 4-54: Temperature (C) vs depth for the NSR of the Ellenburger-San Saba
Aquifer, Texas.

Figure 4-55: Temperature (C) vs depth for the SSR of the Hickory Aquifer,
Texas.
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Figure 4-56: Temperature (C) vs depth for the SSR of the Ellenburger-San Saba
Aquifer, Texas.
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CHAPTER 5
Discussion

After evaluating the chemical constituents for the Paleozoic Aquifers of
Central Texas based on well depth and concentration averages overtime, it has
been determined that results are improved by speculate flow path directions and
locating nested pairs (wells located in the same vicinity and completed in
separate aquifers) to determine hydraulic connectivity. Previous studies by
Mason (1961) determined the principal source of recharge to the Hickory is
precipitation on the outcrop area and suspected the flow direction of water is to
the north and northeast from the direction of outcrop areas. Bluntzer (1992)
evaluated the groundwater resources of the Hill Country area of Central Texas
and identified areas that are experiencing or expected to experience within the
next 20 years critical ground water problems. Preston (1996) estimated the
annual availability of groundwater from the Paleozoic Aquifers and developed
relatively simplistic computer flow models for parts of the aquifers, but was not
able to construct a model of the entire extent or even any appreciable part of the
aquifers. Smith (2004) determined that the structure and stratigraphy of the Llano
Uplift area is extremely complex, creating a complicated groundwater picture.
Smith (2004) also observed water level declines occurring in the Hickory
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and the Ellenburger-San Saba from historic levels. McCann (2012) observed
northeast-trending normal faults mapped around the Llano Uplift resulted in
significant compartmentalization of the Paleozoic Aquifers, coupled with
secondary and tertiary trends relating to natural fractures may have substantial
influence on groundwater flow directions. Lastly, Kreitler (2013) evaluated
isotopic data in Groundwater Management Area 7 (GMA), providing new insights
into the aquifer systems and how they vary from east to west. This study
identified conceptual model changes and provided improvements to groundwater
availability models.
The results of this study provided new methods to distinguish conceptual
flow paths and the probability for hydraulic connectivity in both sub-regions.
Utilizing ArcGIS, conceptual flow paths were determined by water level elevation
data collected in the GWDB. These data were compiled to create potentiometric
surface maps to locate specific wells for evaluation along the flow paths to
determine their feasibility. Figure (5-1) and Figure (5-2) display both aquifers and
the proposed locations for groundwater flow along with the monitoring wells
utilized for analysis. Flow path (FP) direction are signified by arrows, while
monitoring wells (MW) were assigned numbers specific to this report and do not
reflect the state well classification system. Based on the analysis, it was
determined that three distinct flow paths exist in the NSR and 4 potential flow
paths exist in the SSR.
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NSR Unconfined Hickory
FP-1 contains MW-1 through MW-3 which are completed in the
unconfined section of the Hickory Aquifer in McCulloch County ranging in depth
from 30 meters to 150 meters. Being located at the outcrop, it is understood that
this flow path experiences active recharge during precipitation events. Based on
the Piper diagram flow between wells MW-1 and MW-2 is dominated by CaHCO3 type waters and then transitions to a Ca-Mg-HC03 type after it is adjacent
to the Ellenburger-San Saba outcrop (Figure 5-3). Reinforcing the prediction that
the Ellenburger-San Saba leaks into the underlying Hickory where they are in
direct contact. As expected, the TDS concentrations gradually increase with
depth suggesting that this is a viable flow path for this area.

NSR Confined Hickory
FP-2 contains MW-4 through MW-6 which are completed in the confined
section of the Hickory Aquifer in McCulloch County ranging in depth from 610
meters to 800 meters. Kietler (2013) described this portion of the Hickory
containing connate water due to the carbon-14 analyses. Data plotted on the
Piper diagram display water not containing a dominate cation, but does begin to
transition to Na-K-HCO3 type waters with increase in depth (Figure 5-3). The
separation of data plots display a distinct difference of chemical characteristics
from FP-1 wells, confirming the confined and unconfined sections of the Hickory
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are not connected. The increase of sodium and potassium down gradient
suggests that upwelling of basinal waters from the Precambrian Town Mountain
Granite is mixing due to increased head pressure. Increased TDS concentrations
along FP-2 imply that the residence time, temperature, and upwelling influences
the chemistry of water down gradient.

NSR Ellenburger-San Saba
FP-3 contains MW-7 through MW-9 which are completed in both the
unconfined and confined sections of the Ellenburger-San Saba Aquifer in San
Saba County ranging in depth from 140 meters to 570 meters. Contrary to the
approach taken in the Hickory Aquifer, it was previously interpreted by Kreitler
(2013) that flow in the Ellenburger-San Saba did not contain impediments to
effect the continuity of the aquifer. Data plotted on the Piper diagram displays
Ca-HCO3 type waters at the outcrop transitioning to Na-K- HCO3 type waters
down gradient (Figure 5-3). Based on this, there is a possibility of upwelling of
Hickory waters at the subcrop extent located near the Colorado River. This
observation was unexpected and will need further study to determine a confident
assessment of the primary hydraulic influences. TDS concentrations also
increase with depth, as expected, confirming the Ellenburger-San Saba contains
continuous flow from the unconfined to confined sections of the aquifer.
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SSR Unconfined Hickory
FP-1 contains MW-10 through MW-12 which are completed in the
unconfined section of the Hickory Aquifer in Blanco County ranging in depth from
70 meters to 180 meters. TDS values do not gradually increase downgradient as
recorded in the NSR flow paths suggesting that the compartmentalization
influences local flow conditions. Data plotted on the Piper diagram indicate that
MW-12 at the end of FP-2 is under a different hydrological system compared to
MW-10 and MW-11 (Figure 5-4). The increased fault density affects the local flow
conditions confirming FP-1 to not be a viable flow path. The structural
impediments also appear to create stagnation and are not in communication with
the overlying Ellenburger-San Saba in this area of Blanco County, as recorded in
McCulloch County for the unconfined section of the Hickory Aquifer.

SSR Unconfined Ellenburger-San Saba
FP-2 contains MW-13 through MW-15 which are completed in the
unconfined section of the Ellenburger-San Saba Aquifer in Blanco County
ranging in depth from 40 meters to 120 meters. Low TDS concentrations suggest
the aquifer experiences active recharge from precipitation and gradually
increases with depth unlike the unconfined section of the Hickory in the same
vicinity. Although there is evidence for compartmentalization along FP-2, the
offset of faults may not be sufficient to disrupt the continuity of the Ellenburger-
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San Saba Aquifer suggesting a viable flow path. Data plotted on the Piper
diagram display a transition from Mg-HCO3 type to Ca-HCO3 type water down
gradient (Figure 5-4). Structural impediments appear to not create stagnation of
local flow in this portion of the Ellenburger-San Saba Aquifer as suggested by
previous studies for this area.

SSR Confined Hickory
FP-3 contains MW-16 through MW-18 which are completed in the
confined section of the Hickory Aquifer in Gillespie County ranging in depth from
50 meters to 150 meters. This area differs from the NSR due to the Cretaceous
Hensell Sand confining the Hickory at a shallower depth. Previous studies
predicted that the Hensell Sand leaked into the Hickory which could be confirmed
by higher sulfate concentrations. Data plotted on the Piper diagram do not show
evidence of leakage with water dominated by Ca-HCO3 type waters throughout
FP-3 (Figure 5-4). Kreitler (2013) confirmed that this portion of the Hickory
contains connate water from age dating carbon-14 isotopes. FP-3 does not show
evidence of chemical evolution down gradient as displayed by other viable flow
paths. TDS concentrations also do not increase with depth, suggesting
stagnation of local flow and decreasing the probability of FP-3 and increasing the
probability of structural control of local flow not illustrated by the map.
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SSR Confined Ellenburger-San Saba
FP-4 contains MW-19 through MW-21 which are completed in the
confined section of the Ellenburger-San Saba Aquifer in Gillespie County ranging
in depth from 50 meters to 130 meters. This section of the Ellenburger-San Saba
is also confined at a shallow depth by the Cretaceous Hensell Sand. Previous
studies also predicted the possibility of leakage of the Hensell Sand into the
Ellenburger due to their close proximity. Data plotted on the Piper diagram do
show evidence of leakage down gradient at MW-21 with increasing
concentrations of sulfate (Figure 5-4). FP-4 does not contain waters with a
dominate cation, creating difficulties in making a confident assessment on the
probability of a viable flow path. TDS does increase down gradient, as expected,
but does appear to be influenced by local stagnation of flow at the end of FP-4. It
must also be noted that active discharge occurs along the Pedernales River
suggesting that data may not be representative, decreasing the probability of
continuity along FP-4.

NSR Hydraulic Connectivity
In most situations, nested pairs are completed in close proximity (within 5
meters apart) at the land surface and produce from separate aquifers. In this
study ArcGIS was used to locate monitoring wells that would produce the most
representative evaluation for both sub-regions.
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Figure 5-1: TWDB sampled well locations with proposed flow paths indicated for the Paleozoic Aquifers
in the NSR, Texas.
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Figure 5-2: TWDB sampled well locations with proposed flow paths indicated for the Paleozoic Aquifers
in the SSR, Texas.
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Figure 5-3: Piper diagram of flow path wells for the Paleozoic Aquifers in the
NSR, Texas.
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Figure 5-4: Piper diagram of flow path wells for the Paleozoic Aquifers in the
SSR, Texas.

109

MW-22 and MW-23 are located in the unconfined section of both aquifers
in Mason County. MW-22 is completed in the Hickory at 140 meters in the
upthrown block of a northeast trending normal fault and MW-23 is completed in
the Ellenburger-San Saba at 130 meters in the downthrown block of the same
fault (Figure 5-5). The similarity of data plotted on the Piper diagram for both
wells suggest that the fault does not act as a structural impediment and there is
the possibility for communication (Figure 5-7).Waters are likely introduced from
leakage of the overlying Ellenburger-San Saba mixing with the Hickory at depths
less than 200 meters.
MW-24 and MW-25 are located in the confined section of both aquifers in
McCulloch County. MW-24 is completed in the Hickory at 430 meters and MW-25
is completed in the Ellenburger-San Saba at 220 meters. Kreitler (2013)
determined that the Hickory Aquifer is not in communication for the confined
sections of McCulloch County by mapping the appearance of radon
concentrations. Based on the separation of data plotted on the Piper diagrams,
Kreitler (2013) interpretations were confirmed (Figure 5-7). The difference of
water chemistry in this area suggest that the formations separating the Hickory
and Ellenburger-San Saba act as aquitards not allowing for leakage or upwelling
to take place.
MW-26 and MW-27 are located in the confined section of both aquifers in
San Saba County near the subcrops known extent. MW-26 is completed in the
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Hickory at 1070 meters and MW-27 is completed in the Ellenburger-San Saba at
900 meters. MW-26 is overlapped by MW-27 in the cation triangle of the Piper
diagram and is not readily visible (Figure 5-7). The similarities of data plotted on
the Piper diagram suggest communication in this section of the aquifers. A
possible reason would be upwelling of Hickory water into the Ellenburger-San
Saba determined by the high concentration of sodium and potassium distinctive
of the Hickory Aquifer.

SSR Hydraulic Connectivity
Wells utilized to determine hydraulic connectivity in the SSR are
constrained to Blanco County due to the distance between wells completed in the
Hickory and Ellenburger-San Saba of Gillespie County not producing a
representative evaluation (Figure 5-6). MW-28 and MW-29 are located in the
unconfined section of both aquifers. MW-28 is completed in the Hickory at 70
meters and MW-29 is completed in the Ellenburger-San Saba at 50 meters. Both
wells are completed in the upthrown block of a northeast trending normal fault to
determine connectivity without structural impediments. The separation of data
plotted on the Piper diagram suggests that there is not connectivity between the
two aquifers confirming that aquitards between the formations do not allow
communication (Figure 5-8).
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MW-30 and MW-31 are also located in the unconfined section of both
aquifers. MW-30 is completed in the Hickory at 190 meters in the downthrown
block of a northeast trending normal fault and MW-31 is completed in the
Ellenburger-San Saba at 110 meters in the upthrown block of the same fault.
These wells were selected to determine the connectivity of flow across the
aquifers with a known structural impediment. The separation of data plotted on
the Piper diagram also suggests that there is not connectivity across the fault,
confirming that the compartmentalization controls local conditions of flow (Figure
5-8). It has been determined that the fault does not act as a conduit for
communication between the two aquifers in Blanco County.
MW-32 and MW-33 are located in the confined section of both aquifers.
MW-32 is completed in the Hickory at 450 meters and MW-33 is completed in the
Ellenburger-San Saba at 320 meters. The separation of data plotted on the Piper
diagram suggests that the confined sections are also not in communication
(Figure 5-8). These data confirm that the compartmentalization and structural
impediments also affect the confined sections of Blanco County and the
aquitards separating the Hickory and Ellenburger-San Saba do not allow for
hydraulic communication.
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MW-22

Figure 5-5: Nested pair locations utilized for hydraulic connectivity of the Paleozoic Aquifers in the NSR,
Texas.
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Figure 5-6: Nested pair locations utilized for hydraulic connectivity of the Paleozoic Aquifers in the SSR,
Texas.

MW-29

Figure 5-7: Piper diagram of the nested pair wells for the Paleozoic Aquifers in
the NSR, Texas.

Figure 5-8: Piper diagram of the nested pair wells for the Paleozoic Aquifers in
the SSR, Texas.
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CHAPTER 6
Conclusion

This study presented an evaluation of major constituents and
physiochemical parameters of the Paleozoic Aquifers of Central Texas. The
primary objective of this study was to determine locations with a high probability
of hydraulic connectivity between the Ellenburger-San Saba and Hickory Aquifers
using GIS and TWDB groundwater data. Both aquifers crop out and dip into the
subsurface in a radial pattern around the Llano Uplift region of Central Texas.
Each aquifer is characterized as having variable accumulated thicknesses due to
several factors including their depositional environment, numerous faults in the
surface and subsurface, as well as the extensive erosion during sub aerial
exposure (Walker, 1979; Black, 1988). Wells completed less than 200 meters in
the NSR appear to be influenced by active recharge, while wells completed at
greater depths in the subcrop appear to be disconnected from regional flow
paths.
Groundwater for both aquifers does become more mineralized in the
down-dip direction, but does not contain a concentric increase in concentration
published in Follett (1973). Dissolution of aquifer solids along groundwater flow
paths, along with variations in aquifer lithology, explain the observed trends
regarding ion concentrations. In contrast, nitrate concentrations in both aquifers
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suggest the primary control is land use practices rather than geologic sources.
This study has reinforced the findings of Kreitler (2013) for the lack of chemical
evolution of calcium bicarbonate waters in the Paleozoic aquifers, but does
suggest connectivity between the Ellenburger and Hickory in areas located near
the outcrop for the NSR. The results of the potentiometric surface indicates the
possibility of flow between the confined and unconfined sections of the Hickory,
but data compiled for the piper diagram display two different water chemistry
populations inferring limited connectivity.
In McCulloch County, the hydraulic gradient for the Hickory suggests that
there is the possibility for upwelling of water into the Ellenburger-San Saba, but
was disproven by Kreitler (2013) with isotopic analysis of tritium, carbon-14,
radium-226 and radium-228 values. The Hickory is well known for elevated
activities of radium and has not been recorded in the vicinity of wells completed
in the Ellenburger-San Saba, implying that the down dip flow through the
confined section, the Hickory is constrained by aquitards above the formation
boundaries. It must be noted that the increase of potassium and sodium
concentrations in the Hickory are not entirely related to residence time of water
but must be influenced by upwelling of basinal waters sourced from the Town
Mountain Granite that underlies the aquifer. The Hickory also contains structural
impediments in the NSR including graben fault planes that juxtaposes younger
non water-bearing units along the northwest extent and down faulted corridor
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along the outcrop restricting the flow in subsurface dipping beds. This implies
that water in the Hickory is naturally discharged through evapotranspiration,
spring flow, and/or seepage into drainage areas in this case the San Saba River
(Black 1988).
The Ellenburger-San Saba in this region does not display the same
impacts of the faults and therefore does not exhibit similar compartmentalization.
This allows the aquifer to be recharged where the formation crops out and
experience intra-formational flow continuing down dip (Mason, 1961). The
potentiometric surfaces are highest at the outcrop in the southwest section and
decline towards the northwest with discharge occurring at the San Saba River
and Colorado River. Based on relative similarities in the potentiometric surface
and water chemistry, there may be flow from the outcrop to the confined section
of the aquifer. The Ellenburger-San Saba does contain a larger population of
wells concentrated toward the magnesium corner of the piper diagram as
opposed to the Hickory. This is primarily due to the multiple phases of
dolomitization that occurred as magnesium ions replaced the calcium ions readily
available in the limestone. There are similarities for ion concentrations between
the Ellenburger-San Saba and Hickory when compared at depths less than 200
meters. Based on the results, in can be inferred that at depths greater than 200
meters there are minimal similarities between the two aquifers. The Hickory
depth vs. concentration chart contained two distinct increases in concentration
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while the Ellenburger-San Saba remains relatively unaffected reinforcing the lack
of connectivity at greater depths.
In the SSR, the Hickory and Ellenburger-San Saba dip in a southerly
direction away from the Llano Uplift and exhibit a sparse outcrop continuation
due to the amount of faulting in the area. Based on this observation along with
cross sectional views, it has been determined that the Ellenburger-San Saba
wells are primarily located to the east of the Riley Fault, while the Hickory wells
are located to the west of the Riley Fault. The extensive faulting that has created
compartmentalization of aquifers suggests that active recharge is only taking
place at areas near the outcrop, primarily in the unconfined sections of both
aquifers. Additional input of water is assumed to leak from the overlying Hensell
Sandstone based on the Piper diagram sulfate concentrations observed in the
Ellenburger-San Saba and the groundwater elevations that determined upwelling
of basinal waters do not affect the region as is the case in the NSR. The
orientation of contours in close proximity to the Pedernales River indicates
groundwater is discharging to the river. There is also evidence of a groundwater
divide in Gillespie County for both aquifers creating two separate flow paths with
water originating in the northwest flowing towards the southwest and water in the
northeast flowing towards the southeast. The small well density located to the
east in this sub-region indicates that water is also discharged to the Colorado
River in Llano County. There is evidence for leaking of groundwater from the
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Ellenburger-San Saba to the Hickory at depths less than 200 meters and
primarily at locations where the overlying Ellenburger-San Saba comes into
contact with the Hickory. Further down dip in the confined section, the Hickory is
constrained by aquitards above the formation boundary not allowing water to be
leaked from the Ellenburger-San Saba.

Recommendations for Future Work
To generate a better understanding of the Paleozoic Aquifers of Central
Texas continuous data must be compiled on wells that will be accessible to future
workers. This study combined several decades of information distinguishing
areas of interest that will require further investigation. Specific locations include
the chemical differences displayed from outcrop to subcrop for the NSR of both
the Hickory and Ellenburger-San Saba Aquifers. This could be accomplished by
manually gauging and sampling wells that were determined to be influenced by
separate flow paths from this dataset. It is recommended that this sampling take
place quarterly to determine if seasonality has any effects on the hydrology of the
area. Locations for elevated concentrations of contaminants (nitrate) were also
recorded and can be used to develop studies to determine if they are related to
point or nonpoint source pollution.
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Drawdown Test
Additional work could include running a drawdown test in the areas of
interest determined by this study in both the confined and unconfined portion of
the aquifers. This would require initiating a rate test that would determine the rate
of pumping that would need to be sustained over 24 hours for the confined
system and up to 72 hours for the unconfined portions. The unconfined portion of
the aquifers will undergo a state where water is removed from the pore space of
the host rock. Acknowledging this information will avoid misinterpreting the data
collected on the front end of the test. During the pump test water-level response
(drawdown) is measured in surrounding observation wells to estimate the
hydraulic properties of the aquifers, evaluate well performance and identify
aquifer boundaries. The hydraulic properties determined by the drawdown test
include hydraulic conductivity (horizontal and vertical), transmissivity, and
storativity (storage coefficient). This data is essential to determine preferred flow
paths and the connectivity of aquifers in the study area.
Fault Permeability Assessment
The compartmentalization of the aquifers in the SSR should be studied in
further detail due to previous reports claiming that flow is minimal to stagnate in
this area. It would be expected that elevated TDS levels should be recorded for
areas that have minimal flow or stagnate waters. It is recommended that a fault
permeability study be conducted to better understand if waters have the ability to
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be transmitted through these structures. Data that would need to be collected
include probe and whole-core permeabilities, serial CAT scans, and textural and
structural properties of the aquifers. Cross sections would generate an
understanding of the permeability structure of local fault zones and develop
predictive models of fault zone permeability. This information would be vital for
estimating the effects of faulting on fluid flow in the Paleozoic Aquifers of Central
Texas.
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Appendix A
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Figure A-1: Hickory Aquifer sulfate concentration from 2000-2015.
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Figure A-2: Ellenburger-San Saba Aquifer sulfate concentration from 2000-2015.
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Figure A-3: Hickory Aquifer sulfate concentration from 1975-2000.
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Figure A-4: Ellenburger-San Saba Aquifer sulfate concentration from 1975-2000.
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Figure A-5: Hickory Aquifer sulfate concentration prior to 1975.
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Figure A-6: Ellenburger-San Saba Aquifer sulfate concentration prior to 1975.
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Figure A-7: Hickory Aquifer nitrate concentration from 2000-2015.
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Figure A-8: Ellenburger-San Saba Aquifer nitrate concentration from 2000-2015.
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Figure A-9: Hickory Aquifer nitrate concentration from 1975-2000.
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Figure A-10: Ellenburger-San Saba Aquifer nitrate concentration from 1975-2000.
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Figure A-11: Hickory Aquifer nitrate concentration prior to 1975.

140

Figure A-12: Ellenburger-San Saba Aquifer nitrate concentration prior to 1975.
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Figure A-13: Hickory Aquifer chloride concentration from 2000-2015.
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Figure A-14: Ellenburger-San Saba Aquifer chloride concentration from 2000-2015.
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Figure A-15: Hickory Aquifer chloride concentration from 1975-2000.
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Figure A-16: Ellenburger-San Saba Aquifer chloride concentration from 1975-2000.
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Figure A-17: Hickory Aquifer chloride concentration prior to 1975.
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Figure A-18: Ellenburger-San Saba Aquifer chloride concentration prior to 1975.

147

Figure A-19: Hickory Aquifer bicarbonate concentration from 2000-2015.
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Figure A-20: Ellenburger-San Saba Aquifer bicarbonate concentration from 2000-2015.

149

Figure A-21: Hickory Aquifer bicarbonate concentration from 1975-2000.
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Figure A-22: Ellenburger-San Saba Aquifer bicarbonate concentration from 1975-2000.
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Figure A-23: Hickory Aquifer bicarbonate concentration prior to 1975.
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Figure A-24: Ellenburger-San Saba Aquifer bicarbonate concentration prior to 1975.
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Figure A-25: Hickory Aquifer sodium concentration from 2000-2015.
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Figure A-26: Ellenburger-San Saba Aquifer sodium concentration from 2000-2015.
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Figure A-27: Hickory Aquifer sodium concentration from 1975-2000.
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Figure A-28: Ellenburger-San Saba Aquifer sodium concentration from 1975-2000.
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Figure A-29: Hickory Aquifer sodium concentration prior to 1975.
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Figure A-30: Ellenburger-San Saba Aquifer sodium concentration prior to 1975.
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Figure A-31: Hickory Aquifer potassium concentration from 2000-2015.
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Figure A-32: Ellenburger-San Saba Aquifer potassium concentration from 2000-2015.
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Figure A-33: Hickory Aquifer potassium concentration from 1975-2000.
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Figure A-34: Ellenburger-San Saba Aquifer potassium concentration from 1975-2000.
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Figure A-35: Hickory Aquifer potassium concentration prior to 1975.
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Figure A-36: Ellenburger-San Saba Aquifer potassium concentration prior to 1975.
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Figure A-37: Hickory Aquifer calcium concentration from 2000-2015.
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Figure A-38: Ellenburger-San Saba Aquifer calcium concentration from 2000-2015.
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Figure A-39: Hickory Aquifer calcium concentration from 1975-2000.
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Figure A-40: Ellenburger-San Saba Aquifer calcium concentration from 1975-2000.
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Figure A-41: Hickory Aquifer calcium concentration prior to 1975.
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Figure A-42: Ellenburger-San Saba Aquifer calcium concentration prior to 1975.
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Figure A-43: Hickory Aquifer magnesium concentration from 2000-2015.
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Figure A-44: Ellenburger-San Saba Aquifer magnesium concentration from 2000-2015.
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Figure A-45: Hickory Aquifer magnesium concentration from 1975-2000.
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Figure A-46: Ellenburger-San Saba Aquifer magnesium concentration from 1975-2000.
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Figure A-47: Hickory Aquifer magnesium concentration prior to 1975.
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Figure A-48: Ellenburger-San Saba Aquifer magnesium concentration prior to 1975.

177

Figure A-49: Hickory Aquifer pH value from 2000-2015.
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Figure A-50: Ellenburger-San Saba Aquifer pH value from 2000-2015.
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Figure A-51: Hickory Aquifer pH value from 1975-2000.

180

Figure A-52: Ellenburger-San Saba Aquifer pH value from 1975-2000.
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Figure A-53: Hickory Aquifer pH value prior to 1975.
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Figure A-54: Ellenburger-San Saba Aquifer pH value prior to 1975.
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Figure A-55: Hickory Aquifer TDS concentration from 2000-2015.
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Figure A-56: Ellenburger-San Saba Aquifer TDS concentration from 2000-2015.
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Figure A-57: Hickory Aquifer TDS concentration from 1975-2000.
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Figure A-58: Ellenburger-San Saba Aquifer TDS concentration from 1975-2000.
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Figure A-59: Hickory Aquifer TDS concentration prior to 1975.
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Figure A-60: Ellenburger-San Saba Aquifer TDS concentration prior to 1975.
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Figure A-61: Hickory Aquifer temperature from 2000-2015.
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Figure A-62: Ellenburger-San Saba Aquifer temperature from 2000-2015.
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Figure A-63: Hickory Aquifer temperature from 1975-2000.
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Figure A-64: Ellenburger-San Saba Aquifer temperature from 1975-2000.
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Figure A-65: Hickory Aquifer temperature prior to 1975.
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Figure A-66: Ellenburger-San Saba Aquifer temperature prior to 1975.

195

Appendix B
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197

Figure B-1: Example of Water Quality Publication Report Mason County, Texas.

Figure B-2: Example of Water Level Publication Report Mason County, Texas.
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Figure B-3: Example of Record of Wells Report Mason County, Texas.
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Figure B-4: Example of Infrequent Constituent Report Mason County, Texas.
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Figure B-5: Example of Cooperator Infrequent Constituent Report Mason County, Texas.
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